During DNA replication, chromatin is disrupted ahead of the replication fork, and epigenetic information must be restored behind the fork. How epigenetic marks are inherited through DNA replication remains poorly understood. Histone H3 lysine 9 (H3K9) methylation and histone hypoacetylation are conserved hallmarks of heterochromatin. We previously showed that the inheritance of H3K9 methylation during DNA replication depends on the catalytic subunit of DNA polymerase epsilon, Cdc20. Here we show that the histone-fold subunit of Pol epsilon, Dpb4, interacts an uncharacterized small histone-fold protein, SPCC16C4.22, to form a heterodimer in fission yeast. We demonstrate that SPCC16C4.22 is nonessential for viability and corresponds to the true ortholog of Dpb3. We further show that the Dpb3-Dpb4 dimer associates with histone deacetylases, chromatin remodelers, and histones and plays a crucial role in the inheritance of histone hypoacetylation in heterochromatin. We solve the 1.9-Å crystal structure of Dpb3-Dpb4 and reveal that they form the H2A-H2B-like dimer. Disruption of Dpb3-Dpb4 dimerization results in loss of heterochromatin silencing. Our findings reveal a link between histone deacetylation and H3K9 methylation and suggest a mechanism for how two processes are coordinated during replication. We propose that the Dpb3-Dpb4 heterodimer together with Cdc20 serves as a platform for the recruitment of chromatin modifiers and remodelers that mediate heterochromatin assembly during DNA replication, and ensure the faithful inheritance of epigenetic marks in heterochromatin.
H istone modifications are major carriers of epigenetic information and contribute to gene expression and genome organization (1) . When DNA replicates, chromatin is disrupted ahead of the replication fork, and chromatin structure and epigenetic information are restored behind the fork (2, 3) . A central unresolved question in the field of epigenetics is how the histone marks are maintained through replication.
Chromatin is divided into two distinct domains: euchromatin and heterochromatin. Whereas euchromatin is loosely packed and transcriptionally active, heterochromatin contains highly condensed and silenced DNA. During replication, the tightly packed structure of heterochromatin provides an additional challenge for replicating DNA and transmitting epigenetic information (3) (4) (5) . Histone hypoacetylation and the histone H3 lysine 9 (H3K9) methylation are two conserved epigenetic hallmarks of heterochromatin. Both modifications play crucial roles in heterochromatin assembly and are stably transmitted through the cell cycles (5) . How histone hypoacetylation and H3K9 methylation are faithfully inherited and how these two processes are coordinately regulated during replication remain poorly understood.
Fission yeast (Schizosaccharomyces pombe) has emerged as an excellent model for studying heterochromatin. Heterochromatin in fission yeast comprises peri-centromeres, telomere, and mating-type regions (6, 7) . As in multicellular organisms, H3K9 methylation and hypoacetylation are enriched in heterochromatin in fission yeast.
H3K9 methylation in fission yeast is mediated by the CLCR complex, which contains the H3K9 methyltransferase Clr4/Suv39 and the silencing proteins Rik1, Dos1/Raf1, Dos2/Raf2, and Cul4 (8) (9) (10) (11) (12) . RNA interference (RNAi) plays an important role in H3K9 methylation and heterochromatin silencing (13) . During replication, Cdc20/Pol2, the DNA polymerase (Pol) epsilon catalytic subunit, interacts with the CLRC complex. Cdc20 also associates with a transcription regulator to promote the transcription of heterochromatin (14, 15) . Heterochromatin transcripts are processed into small interference RNAs (siRNAs) by RNAi machinery (16) . siRNAs, together with Cdc20, target the CLRC complex to the nextgeneration histones to mediate H3K9 methylation (14) . H3K9 methylation is bound by a human HP1 homolog, Swi6, that assembles the chromatin into a repressive structure. Hypoacetylation of histones in S. pombe heterochromatin is mediated by histone deacetylases, including Sir2, Clr3, and Clr6 (17) (18) (19) . However, little is known about how the histone hypoacetylation is coupled with DNA replication.
DNA Pol epsilon is largely responsible for leading-strand synthesis during replication and consists of the four conserved subunits: Cdc20/Pol2, Dpb2, Dpb3, and Dpb4 (20, 21) . Dpb3 and Dpb4 are two small histone-fold proteins that are not essential for viability in budding yeast (22, 23) . In this organism, Dpb3 and
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Dpb4 have been shown to be involved in heterochromatin silencing, although the underlying mechanism remains unclear (24) . In fission yeast, homologs of Dpb3 and Dpb4 have been identified; however, the Dpb3 homolog was found to be essential for viability, whereas Dpb4 was not (25) .
Here, using mass spectrometry, we identified that in fission yeast, Dpb4 interacts with an uncharacterized small histone-fold protein, SPCC16C4.22. We demonstrated that SPCC16C4.22 is a true ortholog of Dpb3 and exists in a complex with Dpb4. We further showed that the Dpb3-Dpb4 complex is important for the recruitment of histone deacetylases to heterochromatin, suggesting a mechanism for how H3K9 methylation and histone deacetylation are coordinately inherited during replication. On solving the 1.9-Å crystal structure of the Dpb3-Dpb4 complex, we observed that Dpb3 and Dpb4 form an H2A-H2B-like heterodimer and gained further insight into the role of this dimer in chromatin regulation. Together, our findings indicate that the Pol epsilon complex provides a platform for the recruitment of chromatin modifiers and remodelers during DNA replication, which in turn ensures the accurate perpetuation of heterochromatin marks.
Results
Dpb4 Is Important for Heterochromatin Silencing. Dpb4 is the only DNA polymerase epsilon subunit in fission yeast identified as not essential for viability (25) . To determine its role on heterochromatin formation, we created a dpb4 deletion mutant. The integrity of heterochromatin in dpb4Δ cells was analyzed using the ura4 + reporter gene inserted at an otr region within pericentromeric heterochromatin. ura4 + is required for the production of uracil. Our growth assays showed that dpb4Δ cells carrying the reporter grew consistently faster than wild type, indicating that the heterochromatin silencing is disrupted in the mutant (Fig. 1A) . The loss of silencing was further confirmed by using media containing 5-fluoroorotic acid, a drug that kills cells expressing ura4 + (SI Appendix, Fig. S1 ), and northern blotting (Fig.  1B) . Deletion of dpb4 + results in partial loss of silencing compared with dos1Δ mutant, reminiscent of that observed in sir2Δ (SI Appendix, Fig. S2 ). Consistent with the silencing defect, we found that histone H3K9 methylation is partially reduced in the dpb4Δ mutant, using chromatin immunoprecipitation (ChIP; Fig. 1C ).
Dpb4 contains a prominent histone-fold domain at its N terminus, whereas its C terminus has a coiled-coil domain. The histone-fold domain, which is shared by all core histones and histone variants (26, 27) , often serves as a dimerization motif (26) . To investigate the role of the domain, we constructed the histone-fold domain-deleted versions of dpb4 + (Fig. 1D) , dpb4-ΔHF, and replaced the endogenous dpb4 + . We found that the silencing in otr region in dpb4-ΔHF mutant is reduced to a similar level to the dpb4-null mutant (Fig. 1E) . The loss of silencing in otr region in the mutant was confirmed by northern blotting (SI Appendix, Fig. S3 ). These data indicate that the histone-fold domain is important for the function of Dpb4 in heterochromatin silencing. We also created dpb4-ΔC, a coiledcoil domain-deleted version of dpb4 + (Fig. 1D) . However, we found that deletion of the coiled-coil domain has little effect on heterochromatin silencing ( Fig. 1E and SI Appendix, Fig. S3 ).
Dpb4
Associates with Key Silencing Factors. To better understand the role of Dpb4 in heterochromatin, we performed a TAP (tandem affinity purification) purification assay using cell extracts from wild-type cells carrying TAP-tagged Dpb4, and followed by mass spectrometry (spec) analysis ( Fig. 2A and Dataset S1). Cells carrying Dpb4-TAP show no detectable silencing defects in our growth assays, indicating that the fusion protein is functional. Our mass spec analysis identified several replication factors in the Dpb4-TAP purified fraction, including Cdc20, PCNA, Rfc5, and replication licensing factors, including Mcm3 and Mcm4 (Fig. 2B) , consistent with Dpb4 being a subunit of the Pol epsilon. We also found that Dpb4 associates with chromatin remodeling complexes, including FACT complex subunits (Spt16, Pob3) and the CHD1-type remodeler, Hrp3 (Fig. 2B ). FACT complex and Hrp3 have been shown to be required for heterochromatin assembly in fission yeast (28, 29) . In addition, our mass spec results revealed that Dpb4 associates with the subunits of the SWI/SNF chromatin remodeling complex, including Snf22, Arp9, Arp42, Ssr1, Ssr3, and Ssr4 (Fig.  2B) . Ssr4 in the complex was annotated as an essential gene on Pombase. However, we were able to isolate a total deletion mutant of ssr4 + using homologous recombination, showing that the gene is not essential. The mutant cells grow slower than wildtype and have minor morphological defects (SI Appendix, Fig.  S4A ). Using RT-PCR, we found that heterochromatin transcripts from pericentromeric regions accumulate in ssr4Δ cells, indicating that ssr4
+ is required for heterochromatic silencing (Fig.  2C) . Transcripts from the ura4 + reporter inserted in the pericentromeric otr region in the mutant are also increased (Fig. 2C) . We also detected minor reduction of siRNAs from the otr region in ssr4Δ cells (SI Appendix, Fig. S4B ).
Aside from replication factors and chromatin remodelers, histone proteins, including H4 and H2B, were identified in the Dpb4-TAP purified fraction. We also found the histone chaperones, Nap1, and the HIRA protein, Hip1. Importantly, we identified histone deacetylases Sir2 and Clr6 in the complex (Fig. 2B ). All these proteins were not found in the control purifications. Together, our findings demonstrate that Dpb4 associates with factors involved in heterochromatin assembly.
SPCC16C4.22 Is the Ortholog of Dpb3. We failed to capture protein SPAC17G8.03c in our pull-down assays. This protein was previously identified as the homolog of budding yeast Dpb3 in fission yeast (25) . We found instead a protein, SPCC16C4.22, that copurified with Dpb4. We named this protein Daf1 (Dpb4 associated factor 1). Daf1 is a small protein, containing 87 amino acids with a prominent histone-fold domain at its N terminus from amino acids 10-72 (SI Appendix, Fig. S5 ). We found that Daf1shows high homology with human Dpb3/Pole4 (40% identity, 63% positives) and budding yeast Dpb3 (37% identity, 51% positives). In contrast, protein SPAC17G8.03c, previously identified as Dpb3 in fission yeast, shares 34% and 26% homology with human and yeast Dpb3, respectively.
Our coimmunoprecipitation (Co-IP) analysis indicated that Daf1-GFP coimmunoprecipitated with Dpb4-TAP, confirming that the two proteins interact in vivo (Fig. 3A) . However, previously identified GFP-tagged Dpb3 was unable to coimmunoprecipitate with Dpb4-TAP (SI Appendix, Fig. S6 ). We also confirmed that Daf1-GFP interacts with FLAG-tagged Cdc20 (Fig. 3B) . To verify direct interaction between Dpb4 and Daf1, the proteins were coexpressed in Escherichia coli. We found that they were purified as a stable complex, as evidenced by the single elution peak in the gel-filtration profile (Fig. 3C) . This was further confirmed by our in vitro pull-down assay (Fig. 3D) . In contrast, we found that the previously identified Dpb3 was unable to pull down Dpb4 in vitro (SI Appendix, Fig. S7) .
To assess the function of Daf1 in growth and chromatin regulation, we deleted endogenous daf1 + and were able to isolate a viable mutant, daf1Δ, indicating that daf1 + is not essential for viability, such as DPB3 in Saccharomyces cerevisiae. The daf1Δ mutant displays no significant growth defect or temperaturesensitive phenotype. Also, similar to dpb3 and dpb4 mutants in S. cerevisiae (23, 30) , our fluorescence-activated cell sorting analysis indicated that daf1Δ and dpb4Δ in fission yeast exhibited only minor S-phase progression defects (SI Appendix, Fig. S8) . Together, our results demonstrated that Daf1 is the true ortholog of Dpb3. We thus refer to the gene as dpb3
+ from now on.
Structure of the Dpb3-Dpb4 Heterodimer. To further characterize the interaction of Dpb3/Daf1 and Dpb4, we purified and crystallize the Dpb3-Dpb4 complex. The structure was determined to 1.9 Å by single-wavelength anomalous diffraction. The final model was refined to R work /R free values of 19.2%/24.4%, containing residues 1-87 of Dpb3, residues 9-106 of Dpb4, and 220 water molecules, with very good deviations from ideal geometry (SI Appendix, Table S1 ). The flexible C-terminal coiledcoil tail (∼100 aa) of Dpb4 is missing in the structure because of unexpected proteolysis during crystallization. As expected, each individual polypeptide of Dpb3 and Dpb4 shares a common histone-like fold (helix-turn-helix-turn-helix), consisting of a core of three helices, with a long central helix flanked on either side by a loop segment and a shorter helix ( Fig. 4A and SI Appendix, Fig. S9A ). Dpb3 and Dpb4 interact with each other in a head-to-tail fashion, burying ∼4,869 Å 2 of total surface area within dimer interface. Dpb3 and Dpb4 in budding yeast have also been suggested to form a heterodimer (30) .
The overall structure and electrostatic character on the surface of the Dpb3-Dpb4 complex are highly similar to that of other known histone-fold pairs, such as NF-YC/NF-YB (31), and H2A/H2B (32) (Fig. 4 B and C and SI Appendix, Fig. S9B ). Similar to other histonefold pairs, the protein surface of the Dpb3-Dpb4 complex is positively charged, suggesting a role in DNA binding and chromatin remodeling, consistent with previous findings on Dpb4 in budding yeast (24, 30, 33) (Fig. 4B ). Dpb3-Dpb4 has been previously characterized as the H2A-H2B family protein. This is confirmed by the presence of a long fourth helix, αC, in Dpb4 extended from the core histone motif helix α1-loop L1-helix α2-loop L2-helix α3, characteristic for the H2B family. The αC in Dpb4 is even longer and followed by a flexible coil-coil domain (Fig. 4A) . The histone-fold domain is essential for Dpb4's function in heterochromatin silencing (Fig. 1E) , and the extended αC of the histone-fold domain in Dpb4 appears to be ideally suitable for the interaction with the chromatin modifiers and other factors identified earlier. Also, similar to H2A-related proteins, Dpb3 contains a similar C-terminal helix followed by the helix alpha3, but it is much shorter. The Dpb3-Dpb4 complex has also features of the histone H3/H4 dimer. The topology of the overall fold of Dpb3-Dpb4 is similar to that of H3/4. Also similar to H3, Dpb3 has a helix at the N terminus, although it is shorter and adopts a different orientation. However, unlike H4, Dpb4 lacks the long N-terminal helix before the histone motif.
Dpb3-Dpb4 Is Important for Coordination of Histone Hypoacetylation and H3K9 Methylation. We found that similar to dpb4Δ mutants, dpb3Δ displays partial loss of silencing in otr region (Fig. 5A and  SI Appendix, Fig. S2 ). We also found that silencing in matingtype and telomere is also significantly lost in the mutant (Fig. 5 B  and C) . Consistent with the silencing defects, H3K9 methylation is decreased more than 50% in dpb3Δ (SI Appendix, Fig. S10A ), whereas histone acetylation at the pericentromeric region is significantly increased (SI Appendix, Fig. S10B ). GFP-Swi6 also appears to be more diffusely distributed throughout the nucleus in these cells (Fig. 5D) , suggesting that deletion of dpb3 + results in partial dissociation of Swi6 from heterochromatin. In S. pombe interphase cells, heterochromatin is organized into three to four clusters underneath the nuclear envelope; as a result, in cells expressing GFP-Swi6, three to four fluorescent foci can be visualized (8) . Interestingly, dpb3Δ cells frequently displays an excessive number of GFP-Swi6 spots (Fig. 5D ), suggesting that heterochromatin may be formed at ectopic regions in the mutant. Lagging chromosomes is a common feature of heterochromatin mutants (8) . We found that ∼12% of dpb3Δ mutant cells displayed severely disorganized nuclei, including uneven, lagging, or fragmented chromosomes. In contrast, these phenotypes are rarely seen in wild-type cells (<1%) (SI Appendix, Fig. S11 ).
To validate the interaction between Dpb4 and Sir2, we performed Co-IP and showed that Sir2 copurified with Dpb4 (Fig. 5E) . A direct interaction between GST-Sir2 and His-Dpb4 was detected by our in vitro GST pull-down assays (Fig. 5F ). In addition, ChIP assays revealed that the level of Sir2-myc at otr region is substantially reduced in dpb3Δ mutant relative to wild-type (Fig. 5G) , suggesting that Dpb3 is required for the recruitment of Sir2 to heterochromatin. Given that Cdc20 mediates H3K9 methylation by recruiting CLRC, our data suggest that Cdc20 and Dpb3-Dpb4 dimer may function together to coordinately regulate the inheritance of H3K9 methylation and histone hypoacetylation during replication. Consistent with this, we found that the double mutants of sir2Δ with dpb3Δ and dpb4Δ exhibited synthetic defects in heterochromatin silencing (Fig. 5H) .
Dimerization of Dpb3 and Dpb4 Is Required for Heterochromatin
Silencing. To disrupt the dimerization of Dpb3 and Dpb4, a series of residues at the dimer interface were selected for mutagenesis, including Leu10, Ile18, Leu35, Phe43, Leu47, and Phe80 in Dpb3 and Leu17, Leu30, Phe51, Phe54, Phe88, and Leu92 in Dpb4 (SI Appendix, Fig. S12 ). We found that the Dpb3-6A mutant (L10A/I18A/L35A/F43A/L47A/F80A) was unable to dimerize with the Dpb4-6A mutant (L17A/L30A/F51A/F54A/ F88A/L92A), as shown by the in vitro pull-down assays (Fig. 6A) . We then generated a strain expressing Dpb3-6A-GFP and Dpb4-TAP under their endogenous promoters at the native loci. Co-IP experiments showed that Dpb3-6A-GFP was unable to coimmunoprecipitate Dpb4-TAP (Fig. 6B) , indicating that the mutations in Dpb3 are sufficient to disrupt the Dpb3-Dpb4 interaction in vivo. Furthermore, Co-IP experiments showed that Dpb3-6A-GFP failed to interact with Cdc20-FLAG (Fig. 6C) . Importantly, the dimerization mutant showed the same loss of heterochromatin silencing as dpb3Δ (Fig. 6D ), indicating that the dimerization of Dpb3 and Dpb4 is important for heterochromatin assembly.
Discussion
Here we demonstrated that in fission yeast, Dpb4, the histone-fold subunit of Pol epsilon, interacts with a histone-fold protein, SPCC16C4.22. We further showed that SPCC16C4.22 is the true ortholog of Dpb3/Pole4. Same as DPB3 in budding yeast, SPCC16C4.22 is not essential for viability. The protein forms a stable heterodimeric complex with Dpb4, and physically associates with the Pol epsilon catalytic subunit, Cdc20. Another histone-fold protein SPAC17G8.03c has been previously identified as Dpb3 in fission yeast. However, unlike SPCC16C4.22, SPAC17G8.03c is an essential gene (25) . We also were unable to detect the interaction between SPAC17G8.03c and Dpb4 in vitro and in vivo. In fact, we found that SPAC17G8.03c more closely resembles budding yeast BUR6 (40% identity, 65% similarity) and human DR1-associated protein 1 (DRAP1; 38% identity, 61% similarity). BUR6/DRAP1 is a subunit of transcription regulator complex binding to TATA-binding protein to prevent the assembly of the preinitiation complex (34) . Histone hypoacetylation and H3K9 methylation are conserved epigenetic marks essential for heterochromatin structure and function (5) . To date, the molecular mechanism underlying the perpetuation of the state of histone hypoacetylation during replication remains elusive. Furthermore, little is known about how the inheritance of these two heterochromatin hallmarks is coordinated through replication. We showed that the Dpb3-Dpb4 complex is important for the recruitment of the histone deacetylase, Sir2, to heterochromatin regions. Cells defective in Dpb3 failed to recruit Sir2 to heterochromatin and display strong silencing defects. Our study thus suggests a mechanism for the inheritance of histone hypoacetylation during replication. In a previous study, we showed that Cdc20, the catalytic subunit of the Pol epsilon complex, regulates the transcription of siRNA precursors and recruitment of the CLRC complex to ensure the inheritance of H3K9 methylation (15) . Together, these results uncover a previously unrecognized link between the two conserved heterochromatin marks (Fig. 6E ) and provide insight into the mechanism for how the H3K9 methylation and histone deacetylation processes are coupled during DNA replication.
We showed that the Dpb3-Dpb4 complex also interacts with FACT and the CHD1-type remodelers, both of which are required for heterochromatin assembly in fission yeast (28, 29) . In budding yeast, the FACT complex has been shown to cooperate GST pull-down assays demonstrated that physical binding between Dpb3-6A and Dpb4-6A was abolished. Input and pull-down samples were subjected to immunoblotting with antiHis and anti-GST antibodies. (B) Cell lysates from cells expressing Dpb3-6A-GFP and Dpb4-TAP were immunoprecipitated with an antibody specific for TAP and analyzed by immunoblotting using a GFP antibody. Cells expressing Dpb3-GFP and Dpb4-TAP were used as a control. (C) Cell lysates from cells expressing Dpb3-6A-GFP and Cdc20-FLAG were subjected to immunoprecipitation with an antibody specific for FLAG. Precipitated proteins were analyzed by immunoblotting using a GFP antibody. Cells expressing Dpb3-GFP and Cdc20-FLAG were used as a control. (D) Heterochromatin silencing is lost in the dpb3-6A mutant. Serial dilutions of indicated cells carrying ura4 + in the otr region were plated on 5-fluoroorotic acid medium.
(E) Model. During DNA replication, the Dpb3-Dpb4 dimer at replication forks recruits histone deacetylases to histones for histone deacetylation (green star), whereas Cdc20 mediates the recruitment of the CLRC complex for H3K9 methylation (red star). Chromatin remodelers, including FACT, CHD1, and SWI/SNF, and histone chaperones facilitate the reassembly of heterochromatin.
with the replisome to reestablish the chromatin state during replication (35) . We also found that Dpb4-Dpb3 complex interacts with the SWI/SNF remodeling complex, and that Ssr4 in the complex is essential for heterochromatin silencing. It has been shown recently that the mammalian SWI/SNF-like protein SMARCAD1 in human cells promotes the re-establishment of repressive chromatin during replication by interacting with histone deacetylase 1/2 and G9a/GLP (36) . In addition, Dpb4 interacts with the histone chaperones, including Hip1 and Nap1. Hip1 is a subunit of the HIRA complex and has been reported to be important for heterochromatin silencing in fission yeast (37) . Nap1 is a well-characterized histone chaperone involved in nucleosome assembly (38) . We reported the first crystal structure of the Dpb3-Dpb4 dimer at 1.9 Å. Our data revealed that Dpb3 and Dpb4 form the H2A-H2B-like dimer. Disruption of Dpb3-Dpb4 dimerization leads to loss of heterochromatin silencing. Our mass spectrometry data showed that Dpb3-Dpb4 associates with histones. The mouse counterpart of Dpb4 has also been found to directly interact with histones (39) . It is likely that Dpb3-Dpb4 may bind the histone H3-H4 complex after the disassembly of nucleosomes during DNA replication, and subsequently recruits silencing factors to these histones to mediate histone modifications. Our structural study sheds light on how the complex is involved in chromatin regulation.
Our previously published results (14), combined with the findings presented here, suggest that, in addition to its wellcharacterized role in DNA replication, the Pol epsilon complex also serves as a platform for recruiting chromatin remodeling factors and modifiers to ensure the faithful inheritance of epigenetic state in heterochromatin. We propose the following model that integrates our current and previous observations (Fig.  6E) : During DNA replication, the Dpb3-Dpb4 dimer at replication forks recruits histone deacetylases to facilitate histone deacetylation, whereas Cdc20 is responsible for the recruitment of the CLRC complex for H3K9 methylation. FACT, CHD1, SWI/SNF remodelers and histone chaperones associated with Pol epsilon further promote the reassembly of heterochromatin.
Materials and Methods
Details of the materials and methods used in this study, including media and genetic analysis, mass spectrometry, Co-IP, crystallization, and structure determination; in vitro pull-down assays; mutational studies on dimer interface; fluorescence-activated cell sorting; ChIP; northern blot; and RT-PCR, are provided in SI Appendix, SI Materials and Methods. Fission yeast strains used in this study are listed in SI Appendix, Table S2 . Primers used for ChIP and RT-PCR are listed in SI Appendix, Table S3 .
